abbreviatioNs AVM = arteriovenous malformation; mRS = modified Rankin Scale; NBCA = N-butyl cyanoacrylate. accompaNyiNg editorial See pp 1490-1491. DOI: 10.3171/2014.9 , and no symptoms in 10% of cases. The endovascular pretreatment strategy was preoperative in 78.9%, preradiosurgery in 9.1%, palliative in 5.3%, targeted in 4.4%, and curative in 2.3%. The median Spetzler-Martin grade was III. The mean number of arteries embolized was 3.5 (range 0-13 arteries), and the mean number of treatment sessions was 1.3 (range 1-4 sessions). Onyx was used in 105 AVMs (30.7%), and N-butyl cyanoacrylate (NBCA) without Onyx was used in 229 AVMs (67%). AVMs treated with Onyx had a higher mean number of arterial pedicles embolized than did NBCA cases (4.3 ± 2.7 vs 3.2 ± 2.4, respectively; p < 0.001) and a greater number of sessions (1.5 ± 0.7 vs 1.2 ± 0.5, respectively; p < 0.05). Unexpected immediate postprocedural permanent neurological deficits were present in 9.6% of AVMs, while transient deficits were present in 1.8%. There was 1 death (0.3%). Spetzler-Martin grade was not associated with differences in outcome, as permanent neurological deficits were observed in 12%, 9%, 13%, 11%, and 13% of AVMs for Spetzler-Martin Grades I-V, respectively (p = 0.91). The use of Onyx compared with NBCA was not associated with differences in periprocedural morbidity (p = 0.23). This lack of a difference persisted even when controlling for number of arteries and sessions (p = 0.14). Sex was not associated with differences in outcome. coNclusioNs Permanent and transient postprocedural neurological deficits were noted in 9.6% and 1.8% of all cases, respectively. AVM grade was not associated with endovascular outcome. Despite the greater number of sessions required and arteries embolized for Onyx cases, there was no statistically significant difference in the risk of neurological deficits following cerebral AVM embolization with Onyx and NBCA.
T he treatment of cerebral arteriovenous malformations (AVMs) has been substantially altered with the development and refinement of endovascular techniques. As these techniques have been incorporated into the treatment paradigm for many AVMs, so too have the risks and benefits associated with endovascular treatment been incorporated into the overall risk profile for the treatment of AVMs. This is particularly important when endovascular treatment is performed prior to resection, as the risk-to-benefit ratio for preoperative embolization may be quite different for high-grade Spetzler-Martin AVMs when compared with Grade I AVMs. This has led some to conclude that the benefits of endovascular treatment for low-grade Spetzler-Martin AVMs are not worth the additional risks for what are typically low-risk surgical lesions. 1 In 2006, our institutional experience with the endovascular treatment of cerebral AVMs was published, with specific emphasis on the neurological morbidity and mortality associated with embolization. 2 Since that series was published, Onyx (eV3), a new embolic agent designed for the embolization of AVMs, has been approved and widely implemented for the endovascular treatment of cerebral AVMs. The implementation of this agent has been almost universally recognized as a step forward in the treatment of these complex vascular lesions. There have, however, recently been suggestions that the use of Onyx for the embolization of AVMs does not improve overall outcomes, and its use may even be associated with worse overall outcomes when compared with N-butyl cyanoacrylate (NBCA; Trufill, Cordis Neurovascular). 5, 6 It has been hypothesized that this may be a result of increased complications with Onyx embolization, or increased surgical aggressiveness in patients treated with Onyx. In this study we analyzed our institutional experience with the endovascular treatment of cerebral AVMs both prior to and after the introduction of Onyx to determine factors associated with treatment-related neurological morbidity and mortality.
methods study population
We reviewed our prospectively maintained database for every cerebral AVM treated endovascularly at Barrow Neurological Institute from June 1995 to January 2012. This time period represents every AVM embolized at Barrow Neurological Institute by 2 endovascular neurosurgeons (C.G.M. and F.C.A.). Embolization materials included Onyx, NBCA, detachable coils, liquid coils, embospheres, and polyvinyl alcohol (Boston Scientific). Approximately 95% of cases were treated under general anesthesia, with the remaining 5% performed in awake patients. No treatments were performed without general anesthesia after September 2000.
data analysis
Variables analyzed included age, sex, Spetzler-Martin grade, number of embolized arteries, number of embolization sessions, use of Onyx, use of NBCA, and use of other embolysates. Outcome variables included unexpected periprocedural neurological deficits, permanent unexpected periprocedural neurological deficits, silent periprocedural complications, deaths, and total periprocedural complications. Total complications consisted of the sum of unexpected periprocedural neurological deficits and silent periprocedural complications. Periprocedural death occurred in only 1 patient and was not considered as an outcome variable in the analyses for this study. SpetzlerMartin grade was determined both by angiographic and noninvasive imaging.
statistical analysis
Associations between ordinal and categorical variables were assessed by chi-square tests. Independent sample ttests were used to examine group differences for continuous variables. ANOVAs were used to examine mean differences in number of sessions and number of arteries embolized by Spetzler-Martin grade. Post hoc analyses were corrected for using the Bonferroni method. A generalized binary logistic outcome model was used to examine differences in outcome by NBCA versus Onyx with covariates of number of sessions and arteries. SPSS (version 20, IBM) was used for all analyses.
results
A total of 342 cerebral AVMs were treated endovascularly in 327 patients over 446 treatment sessions. Two patients were treated for multiple AVMs at different times, and 5 patients were treated for the same AVM multiple times in distinct, remote treatment periods. All but 1 of the AVMs (341/342, 99.7%) embolized during the study period were performed by the senior authors (C.G.M. and F.C.A.). The patients were 55.3% female (n = 189) and 44.7% male (n = 153), with an average age of 37.8 years (range 1-83 years). There were 56 patients (16.4%) under the age of 18 years. The mean number of arterial pedicles embolized was 3.5 (range 0-13 pedicles), and the mean number of embolization sessions was 1.3 (range 1-4 sessions). The vast majority of AVMs were embolized in 1 or 2 sessions, comprising 76% and 19% of AVMs, respectively. Five percent of the AVMs were treated in 3 sessions, and less than 1% were embolized in 4 sessions. The mean clinical follow-up was 18.9 months (range 0-80 months).
AVM presentation included hemorrhage in 47.6% (n = 163), seizures in 21.9% (n = 75), headaches in 11.1% (n = 38), focal deficit in 4.9% (n = 17), and other AVM-related presentations in 4.4% (n = 15). Ten percent (n = 34) of patients had asymptomatic AVMs that were incidentally discovered. The Spetzler-Martin AVM grades for the series were: 5% Grade I (n = 17), 26.6% Grade II (n = 91), 40.6% Grade III (n = 139), 20.8% Grade IV (n = 71), and 7% Grade V (n = 24) . The endovascular pretreatment strategy as determined from the medical records was preoperative in 78.9% (n = 270), preradiosurgery in 9.1% (n = 31), palliative in 5.3% (n = 18), targeted in 4.4% (n = 15), and curative in 2.3% (n = 8).
Unexpected postprocedural neurological morbidity or mortality occurred in 11.4% (n = 39) of AVMs. This was permanent in 9.6% (n = 33), and transient in 1.8% (n = 6) of all AVMs. There was 1 periprocedural death (0.3%). Procedural complications that were clinically silent occurred in 7.6% of patients (n = 26).
age and sex differences
The mean age of patients treated with Onyx was lower than those treated without Onyx (mean 34.6 ± 17.5 vs 39.3 ± 17.6 years old, respectively; p < 0.05). There were no other variables with statistically significant differences detected for age or sex, including Spetzler-Martin grade and all of the outcome variables.
Number of embolization sessions and arteries
The average number of sessions per AVM was higher for patients who encountered any type of complication when compared with those who did not have complications. This finding remained true for periprocedural neurological morbidity and permanent periprocedural neurological morbidity, but was not present for silent complications. Mean AVM sessions and standard deviations by outcome are presented in Table 1 . The mean number of arteries embolized did not vary based on the presence or absence of any of the outcome variables.
embolysate used
Onyx was used as an embolysate in 105 AVMs (30.7%). NBCA was used without concomitant Onyx in 229 AVMs (67%), and was used in conjunction with Onyx in 39 AVMs (11.4%). There were 4 cases in which NBCA was used expeditiously to manage vessel perforation in an Onyx treatment session, but for which it was otherwise not used. Four patients underwent attempted embolization but no embolysate was injected, largely due to the inability to adequately catheterize arterial pedicles. When compared with AVMs treated with NBCA, those treated with Onyx had a higher mean number of arterial pedicles embolized (mean 4.3 ± 2.7 vs 3.2 ± 2.4 pedicles, respectively; p < 0.001). In addition, the mean number of treatment sessions was higher with Onyx cases (mean 1.5 ± 0.7 vs 1.2 ± 0.5 sessions, respectively; p < 0.05).
Unexpected periprocedural neurological morbidity was noted in 13.1% of NBCA cases and 8.6% of Onyx cases, but this difference was not statistically significant (p = 0.23). Similarly, we were unable to confirm an association between unexpected permanent morbidity that was present in 11% of the NBCA cases compared with 8% of the Onyx cases (p = 0.40), silent complications present in 7% of NBCA cases and 9% of Onyx cases (p = 0.65), or total complications present in 20% of NBCA cases versus 17% of Onyx cases (p = 0.56).
To determine if the average number of embolization sessions or arteries acted as a confounding variable in the association between Onyx usage and our outcome variables, 4 binary logistic regression models were run with embolization sessions and arteries included as predictor variables. Onyx usage failed to significantly predict outcome for any of our 4 models: periprocedural morbidity (p = 0.14), permanent morbidity (p = 0.23), silent complications (p = 0.68), and total complications (p = 0.35).
Other embolic materials (such as detachable coils, liquid coils, polyvinyl alcohol, and embospheres) were used in 49 AVMs (14.3%), 40 of which were used in conjunction with NBCA, 5 in conjunction with Onyx, and 4 as the sole treatment. There was no statistically significant difference in outcomes for AVMs that used these other embolic materials when compared with those that did not. Total complications were observed in 24.5% of cases with other embolysates versus 18.1% without additional materials (p = 0.29). Similarly, there were no statistically significant differences detected in the other outcome variables of unexpected periprocedural neurological deficits (16.3% vs 10.6%, p = 0.24), permanent unexpected periprocedural neurological deficits (12.2% vs 9.2%, p = 0.51), and silent periprocedural complications (8.2% vs 7.5%, p = 0.87).
spetzler-martin grade
Spetzler-Martin grade was not associated with differences in total periprocedural complications, unexpected periprocedural neurological deficits, permanent unexpected periprocedural neurological deficits, silent periprocedural complications, total complications, or death ( Table  2) . Permanent neurological deficits were observed in 12%, 9%, 13%, 11%, and 13% of AVMs for Spetzler-Martin Grades I-V, respectively (p = 0.91).
A statistically significant difference emerged in the number of arterial pedicles embolized by Spetzler-Martin grade (p < 0.001). Post hoc analyses revealed that SpetzlerMartin Grade V patients on average had a higher number of arterial pedicles embolized than did Grade I (p = 0.006), Grade II (p < 0.001), or Grade III patients (p = 0.006). Spetzler-Martin Grade IV patients had a higher number of arterial pedicles embolized than did Grade II patients (p = 0.002).
The number of embolization sessions also varied significantly by Spetzler-Martin grade (p < 0.001). Post hoc analyses demonstrated that Spetzler-Martin Grade IV and V patients, on average, had more sessions when compared with Grades I, II, and III (p < 0.001 for all 6 comparisons), and Grade III patients had more sessions when compared with Grade II patients (p = 0.017).
discussion
In 2005, Onyx, an ethylene-vinyl alcohol copolymer, was approved for the endovascular treatment of AVMs in the US. Since that time, it has become widely accepted and implemented by neurointerventionalists involved in the treatment of cerebral AVMs.
In 2006, we reported the results of our institutional experience with the embolization of 153 AVMs from 1995 to 2004, 1 year prior to the FDA approval of Onyx. 2 The vast majority of these patients (144/153, 94.1%) were treated with NBCA alone or in combination with another em- bolysate. The periprocedural morbidity and mortality was 11.8%, with 1 death. Seventeen patients suffered unexpected neurological deficits after treatment, 5 of whom went on to attain complete or near-complete recovery. Only 2.7% of patients suffered death or severe disability (modified Rankin Scale [mRS] score ≥ 2) as a result of embolization. The study found that embolization of 3 or more branches was associated with increased risk of complications. In addition, there was a trend toward increased complications with increasing Spetzler-Martin grade. These previously reported patients were included in the current study and constitute the majority of the pre-Onyx era patients. A number of other institutional series have been published investigating the results of the endovascular treatment of AVMs, but these series have typically not incorporated cases treated before and after the implementation of Onyx, or have not had sufficient numbers of Onyx or NBCA to perform a comparison. In 2004, Taylor et al. reported their experience from 1992 through 2003, when they treated 201 patients over 339 sessions. 9 The majority of the AVMs were embolized using polyvinyl alcohol particles, while only 13% included NBCA, and 5 procedures (1.5%) included Onyx. Death or permanent neurological morbidity was observed in 11% of patients, and no predictive variables were identified. In 2009, Starke et al. published their institutional results with the endovascular treatment of AVMs using NBCA. 8 Their series consisted of 202 patients who underwent embolization as a precursor to resection or radiosurgery. These authors observed new clinical deficits in 14% of patients and persistent deficits in 2.5% of patients. They found that predictors of new neurological deficit following embolization were complex AVM requiring more than 1 session, AVM diameter < 3 cm, AVM diameter > 6 cm, deep venous drainage, and eloquent location. Lv et al. reported on 118 patients who received partial treatment for brain AVMs using both Onyx and NBCA. These authors investigated subsequent annual risk of hemorrhage and found no significant difference in those treated with NBCA or Onyx. 4 Recently Saatci et al. published their large series of 350 AVMs treated endovascularly with Onyx. 7 Due to the earlier availability of Onyx in Turkey, their series spanned from 1999 to 2008, and while every patient was treated with Onyx, an additional 12% were also treated with NBCA for those cases with high-flow fistulas, dissections, or perforations. These authors achieved angiographic cure in 51% of patients, with an additional 38% requiring posttreatment radiosurgery. AVM recanalization was observed in 1.1% of the AVMs believed to be initially cured. The rate of permanent morbidity or mortality was 8.5%, with a total of 5 deaths.
The only direct comparison of Onyx and NBCA for the preoperative treatment of cerebral AVMs was published in 2010 by Loh and Duckwiler 3 This was an industrysupported equivalence trial that was conducted from 2001 to 2003, with the express purpose of obtaining FDA approval. The study included 54 patients treated with Onyx and 63 treated with NBCA, and the authors concluded that Onyx and NBCA were equivalent with regards to AVM volume reduction ≥ 50%, as well as serious adverse events, resection time, and intraoperative blood loss. While the small sample size did not allow for the detection of a statistically significant difference, the rate of serious adverse events for AVMs treated with Onyx was almost double that of NBCA cases (9.2% vs 4.8%, respectively). Conversely, rates of technical and procedural complications were slightly lower with Onyx compared with NBCA (40.7% vs 46%, respectively), a difference that again did not reach statistical significance. It is noteworthy that these complication rates include the learning curve associated with the introduction of Onyx in the trial. Additionally, techniques and devices used with Onyx have evolved considerably since completion of the trial. Technical nuances that have been described include the creation of a proximal plug using the more viscous Onyx 34, followed by embolization through the same catheter with Onyx 18, and the use of dual catheter techniques. Advancements in devices have also been made, such as detachable-tipped catheters and balloon-tipped dual lumen catheters that will hopefully increase the efficacy and decrease the risks of embolization.
Recently, however, a single-institutional experience was presented in which the authors compared surgical results of AVMs treated with preoperative embolization prior to Onyx, and with preoperative embolization using Onyx. 5, 6 Analyzing 538 cases over a 19-year period, the authors concluded that resection of Spetzler-Martin Grade I and II AVMs carries a risk of new permanent neurological deficit with an mRS score greater than 2 in 0.3% of cases. Grade IV and V AVMs were more likely to be embolized with Onyx than in the period prior to Onyx (80% of cases vs 43% of cases, respectively; p = 0.006), and the authors reported that Onyx cases were more likely to result in an mRS score greater than 2 (35% vs 12.2%, respectively; p = 0.03), 5 although this was not found to be statistically significant in their subsequent publication (30% vs 12%, respectively; p = nonsignificant). 6 The authors concluded that the introduction of Onyx has not improved outcomes, and may embolden the neurosurgeon by giving a false sense of protection from complications. No data were presented relating to endovascular complications.
It is important to appreciate that, regardless of the embolic agent employed, it is likely that complication rates will vary with treatment objectives, operator experience, and operator perception of risk-to-benefit ratio. For example, if the goal of embolization is to facilitate resection, then the techniques employed will be quite different than if the goal is cure by embolization alone.
The rapid evolution of endovascular techniques and devices presents a constant challenge to the practicing physician. Endovascular devices and techniques have seen substantial changes over the past 10 to 20 years. This becomes more apparent, and problematic, when assessing the outcomes of patients treated with endovascular methods. Certainly long-term follow-up is necessary to accurately determine the risks and benefits of a procedure. However, in the case of the endovascular treatment of AVMs, particularly in the presurgical setting in which a patient will often be undergoing surgery within a day or two of embolization, it may be difficult to ascertain which complications were a result of the embolization and which were caused by surgery. In other words, there may only be a short period to determine the complications following embolization, and if a postembolization neurological deficit does not resolve over time, it may be difficult to ascertain whether the deficit was made permanent by surgery, or if it would have been permanent from the embolization alone. In addition, it is extremely difficult to determine if a complication attributed to endovascular treatment would have occurred as a result of surgery, even in the absence of embolization. For instance, a visual field deficit detected following embolization of an occipital AVM may have also occurred with surgery alone. For the purposes of our study, these complications were attributed to endovascular treatment. Based on our evaluation, with respect to the rate of complications that result from the embolization of AVMs, the choice of NBCA versus Onyx does not appear to be important. This raises the question of what other factors are therefore important in making the choice between the embolic agents, and highlights the difficulties inherent in evaluating the effectiveness of embolization. If the goal of embolization is cure, this can be evaluated objectively with relative ease. If, however, as in our institution, the primary objective for most patients is the facilitation of resection, then the effectiveness is best judged by the surgeon resecting the malformation. It is recognized that this is a subjective evaluation, as objective end points such as resection time and blood loss have not been reliable at discriminating between embolic agents.
Additionally, given that effectiveness was not evaluated in this study, it is entirely plausible that the embolizations were more effective in one era of this study versus the other, but that this better effectiveness was accomplished without an increase in the complication rate. Ultimately, the evaluation of effectiveness relative to the complication rate is the important consideration. This evaluation is much more difficult, and in the case of preoperative embolization, the effectiveness can only be judged in conjunction with the entire treatment plan. Combination therapy with preoperative embolization followed by surgery (or radiosurgery) can be viewed as a dynamic exercise in "risk sharing" between the procedures and optimal partitioning of this treatment risk to maximize successful treatment, while minimizing the overall complication rates is best accomplished by an experienced cohesive team that is able to dispassionately examine the impact of their treatment strategy. At present, we believe that in general we are able to achieve a greater degree of embolization with Onyx without increasing morbidity. We strongly believe, however, that NBCA does have a role in these procedures, particularly with high-flow fistulas.
conclusions
In this patient series, we observed permanent and transient postprocedural neurological deficits in 9.6% and 1.8%, respectively, of all cases that underwent endovascular treatment of cerebral AVMs. Patients who experienced complications had a higher mean number of embolization sessions than those without complications. SpetzlerMartin AVM grade was not associated with endovascular outcome. Finally, there was no statistically significant difference between Onyx and NBCA in regard to any of the outcome variables.
references

